Type 1 (T1D) and type 2 (T2D) diabetes share pathophysiological characteristics, yet mechanistic links have remained elusive. T1D results from autoimmune destruction of pancreatic beta cells, whereas beta cell failure in T2D is delayed and progressive. Here we find a new genetic component of diabetes susceptibility in T1D non-obese diabetic (NOD) mice, identifying immuneindependent beta cell fragility. Genetic variation in Xrcc4 and Glis3 alters the response of NOD beta cells to unfolded protein stress, enhancing the apoptotic and senescent fates. The same transcriptional relationships were observed in human islets, demonstrating the role of beta cell fragility in genetic predisposition to diabetes.
Diabetes mellitus is a group of diseases in which defective insulin production or function results in the dysregulation of blood glucose levels. The most common forms of diabetes, T1D and T2D, can be considered to be at extreme ends of the etiology spectrum, with T1D caused by autoimmunity against pancreatic beta cells, resulting in insulin deficiency, and T2D initiated by metabolic changes that render target tissues resistant to insulin. The divergence in etiology is reflected in the animal models used, with the primary T1D model being the autoimmune-prone NOD mouse 1 , whereas T2D models typically use severe obesity to generate metabolic dysfunction 2 .
Despite this academic division, clinical convergence is observed for T1D and T2D, with patients with T2D commonly developing a progressive decline in total beta cell mass 3 . This loss of beta cells is a critical component of disease pathogenesis and has led to prolonged efforts to find shared genetic risks. Genome-wide association studies (GWAS) have demonstrated a complex genetic landscape for diabetes, with a stark separation between immunological genes in T1D 4 and metabolic genes in T2D 5 . One of the few genes linked to both diseases is GLIS3 (refs. 5,6) , which is also notable for mutations causing a form of congenital diabetes 7 . Another gene with mutations capable of causing congenital diabetes is EIF2AK3 (also known as PERK) 8 , an initiator of the unfolded protein stress response (UPR). This pathway is initiated when protein biosynthesis exceeds folding capacity, resulting in the accumulation of unfolded proteins, and is responsible for the bifurcated outcomes of stress alleviation and apoptosis. The UPR has been proposed as a major regulator of inflammation 9 , with potential involvement in both T1D 10, 11 and T2D 12 .
Complex longitudinal changes in beta cells during T1D progression are well established 13 ; however, separating potential genetic beta cell defects from induced secondary changes has not been possible in human samples. The genetics of T1D susceptibility in NOD mice have been well characterized and show striking parallels with human data, making these mice an ideal testing ground for the hypothesis that genetic abnormalities in beta cells contribute to pathogenic outcome 1 . NOD mice have pre-autoimmune defects in glucose regulation that have been proposed to act in synergy with immune defects 14 . Here we directly investigate the contribution of genetic defects in beta cell robustness to the development of diabetes. Using a transgenic Genetic predisposition for beta cell fragility underlies type 1 and type 2 diabetes Aire knockout background, which have defective thymic tolerance against pancreatic antigens 16 . B10 k .Aire −/− .insHEL mice also developed diabetes, albeit at a lower rate than NOD k .insHEL mice, in a process that was immune dependent (Fig. 1b) . Before developing diabetes, NOD k .insHEL mice but not B10 k .insHEL mice demonstrated a reduction in pancreatic islet number (Fig. 1c) . This reduction could be the consequence of an immune response directed against the HEL protein encoded on the H2 k haplotype 17 or it could represent an as yet undescribed beta cell defect. To discriminate between these two possibilities, we introgressed the insHEL transgene into the NOD k .Prkdc scid and NOD k .Rag1 −/− lines. Despite the absence of T and B lymphocytes in both strains, insHEL transgenic NOD mice still developed diabetes (Fig. 1d,e) . In immune-competent NOD.insHEL mice, we observed perivascular accumulation of lymphocytes around 4% of blood vessels in the pancreas (data not shown); however, no invasive insulitis was observed. Infiltrate was absent in NOD k .Rag1 −/− .insHEL mice (Fig. 1f) , and chemokine expression was not induced ( Supplementary  Fig. 2 ). Finally, NOD mouse susceptibility to diabetes was extrinsic to the bone marrow, formally ruling out variation in the immune system as the primary driver of diabetes susceptibility in this model (Fig. 1g) . Together, these results clearly demonstrate that NOD mice have a beta cell-intrinsic genetic defect, manifested by expression of the insHEL transgene.
Expression of HEL, commonly used as a model antigen, has not previously been reported to induce adverse functions, and the transgene did not interrupt gene expression (Supplementary Fig. 3 ). Further investigation found profound cellular stress induced by insHEL on both genetic backgrounds (Fig. 2a,b) . Total insulin levels were increased in insHEL transgenic mice ( Fig. 2c and Supplementary  Fig. 4a-c) ; however, this masked a sharp decrease in the levels of mature, processed insulin ( Supplementary Fig. 4d,e) , with the insHEL transgene increasing proinsulin secretion in vivo (Fig. 2d-f ) and in vitro (Supplementary Fig. 5a,b) . In NOD k .insHEL mice, this effect was associated with decreased abundance of prohormone convertase proteins (Supplementary Fig. 5c-i) . The endoplasmic reticulum stress induced by the insHEL transgene therefore perturbs Age (weeks) .insHEL mice and NOD k .insHEL mice were irradiated and reconstituted with NOD k or B10 k bone marrow, respectively, before aging for diabetes incidence (n = 7 and 6). *P < 0.05, **P < 0.001, ***P < 0.0001. npg the correct processing of insulin, analogous to the Akita mouse 18 and in line with the model of T2D disease progression.
This similarity to T2D prompted an assessment of glucose tolerance. The insHEL transgene resulted in glucose intolerance in both strains, with elevated or delayed peak glucose levels ( Fig. 2g and Supplementary Fig. 6a-e) . The response to exogenous insulin injection, by contrast, remained normal (Fig. 2h) , indicating that insHEL-mediated diabetes is a bona fide beta cell failure rather than a defect in peripheral insulin signaling. As both the B10 and NOD strains exhibited cellular stress and glucose intolerance, these data demonstrate that NOD mice possess an underlying genetic defect that manifests during beta cell stress, driving progression from subclinical glucose intolerance to clinical diabetes.
As diabetes was never observed in female mice ( Supplementary  Fig. 7a ), we further sought to dissect the role of sex. Islets from insHEL transgenic NOD k female mice exhibited intermediate signs of stress, with reduced size of insulin granules (Supplementary Fig. 7b ) but no decrease in total number (Supplementary Fig. 7c) . Likewise, beta cell granularity was only partially reduced in female mice ( Supplementary  Fig. 7d) , with maintenance of insulin content (Supplementary Fig. 7e ). As in male mice, the insHEL transgene resulted in increased insulin and proinsulin secretion (Supplementary Fig. 7f,g ), whereas C-peptide levels were maintained (Supplementary Fig. 7h ), despite the retention of PC1 and PC3 expression ( Supplementary Fig. 7i,j) . The net effect of this islet stress was mild glucose intolerance ( Supplementary  Fig. 7k) ; however, unlike male transgenic mice, females did not have a decrease in islet number (Supplementary Fig. 7l ) and remained non-diabetic despite the addition of several stressors ( Supplementary  Fig. 7a) . Finally, the unique susceptibility of the male mice was due to a sex hormone-dependent effect, as castration of males dramatically reduced diabetes incidence (Supplementary Fig. 7m ).
Altered unfolded protein stress response in NOD islets
To determine the molecular mechanism of NOD mouse susceptibility to beta cell failure, we performed RNA sequencing (RNA-seq) on the islets of B10 k .Rag1 −/− , B10 k .Rag1 −/− .insHEL, NOD k .Rag1 −/− and (pre-diabetic) NOD k .Rag1 −/− .insHEL mice. This experimental design excluded any infiltrating lymphocytes or effects secondary to autoimmunity. At a global level, the greatest differences were observed between strains (Fig. 3a) . Analysis of statistically significant changes in gene expression (Supplementary Data Set 1) identified the two non-transgenic parental strains (Fig. 3b) as having the greatest number of differences, largely at the lower end of the expression spectrum (Supplementary Fig. 8a ) and with the affected genes not clustering in functional pathways ( Fig. 3c and Supplementary Data Set 2). By contrast, the impact of insHEL, although globally smaller than the strain effect (Fig. 3a,b) , was coordinated in functionally related gene sets ( Fig. 3c and Supplementary Fig. 8b,c) . The changes induced on the B10 and NOD backgrounds were highly related, with similar effects at both quantitative (Fig. 3a,b) and qualitative ( Supplementary Fig. 9 ) levels. To build on the transcriptional analysis, we performed a proteomic analysis of B10 k .Rag1 −/− .insHEL and NOD k .Rag1 −/− .insHEL islets (Supplementary Data Set 3) . Only 18 differences in protein expression were significant and reproducible across duplicate experiments, of which most reflected parental transcriptional changes (Supplementary Data Set 1) . Together, these results indicate that there is no major quantitative defect in the UPR in NOD mice, suggesting that defects lie in the baseline strain variation, with pathogenic potential uncovered during cellular stress.
Notably, of the few proteins expressed at higher levels in B10 k . insHEL islets than in NOD k .insHEL islets, two (Hsp90b and Manf) are encoded by UPR-related genes. NOD mice have been suggested to have a defect in the UPR 11 , although the use of immunocompetent mice in published experiments means that the observation could be secondary. To determine whether NOD beta cells have a primary defect in activation of the UPR, we crossed the B10 k .Rag1 −/− .insHEL and NOD k .Rag1 −/− .insHEL strains with the endoplasmic reticulum stress-activated indicator (ERAI) transgenic mouse model, in which reporter activation is mediated by selective splicing of XBP1 mRNA during the UPR 19 . These crosses effectively replicate B10 k .insHEL. (Fig. 3d) . As an independent approach to quantify the UPR, we analyzed the expression of Xbp1 target genes in the RNA-seq data set. Similar to the global results ( Fig. 3a) , analysis of the Xbp1 target gene set indicated large variation between the non-transgenic parental strains, but these strains showed similar induction with the insHEL transgene ( Fig. 3e ). At the individual gene level, most UPR-related genes demonstrated equivalent regulation by insHEL on the two genetic backgrounds at both the transcriptional ( Fig. 3f) and protein ( Fig. 3g ) levels. Manf was the only UPR-related gene differentially expressed at both the mRNA and protein levels, with efficient induction by insHEL expression on the B10 background and poor induction on the NOD background ( Fig. 3h,i) . Together, these results demonstrate that insHEL induces the UPR in beta cells but, critically, does so to a similar extent in diabetes-resistant (B10) and diabetes-susceptible (NOD and (B10 × NOD)F1) hosts. Thus, rather than a global defect in inducing the UPR per se, NOD mice possess an intact UPR with differential transcriptional biases, resulting in a specific defect in upregulating Manf expression.
Genetic linkage of stress-induced diabetes in NOD mice
To determine the basis of NOD mouse susceptibility to insHELinduced diabetes, we performed a genetic analysis. Initially, we used a candidate-based approach, testing the Idd loci associated most strongly with diabetes susceptibility in NOD mice 20 . NOD g7 mice-with the diabetes resistance B10 alleles of Idd3, Idd5, Idd9, Idd10 and Idd18-were backcrossed onto the NOD k .insHEL strain and monitored for diabetes development. Despite potent effects in NOD g7 mice, none of these regions provided any protection against insHEL-mediated diabetes, even in combination (Fig. 4a) . Next, we performed a linkage cross. As susceptibility of NOD mice to insHEL-induced diabetes was dominant (Fig. 1a) , we generated a cohort of (NOD × B10)F2 mice. Of 331 (NOD × B10)F2.Rag1 −/− .insHEL mice, 36% developed diabetes. Following genome-wide SNP genotyping, two distinct transgene-induced diabetes (Tid) loci were identified (Fig. 4b) . Chromosome 13 linkage was observed with two peaks (Tid1 and Tid2) within a single Bayes interval ( Fig. 4c) , whereas chromosome 19 linkage was observed with a single distinct peak (Fig. 4d) . The effect of each Tid locus was assessed by plotting the diabetes-free survival rate for (NOD × B10)F2.Rag1 −/− .insHEL mice that were B10/B10, B10/NOD and NOD/NOD at each locus. For each locus, (NOD × 
Leading log(fold change) dimension 1 A r t i c l e s B10)F2.Rag1 −/− .insHEL.Tid B10/B10 mice had significantly (P < 0.0001) lower diabetes rates than (NOD × B10)F2.Rag1 −/− .insHEL.Tid NOD/NOD mice ( Fig. 4e-g ). (NOD × B10)F2.Rag1 −/− .insHEL.Tid B10/B10 mice, with the B10 allele at each Tid locus, did not develop diabetes at all (Fig. 4h) , demonstrating that the three Tid loci are independently sufficient and together necessary for NOD mouse susceptibility to insHEL-mediated diabetes.
To further dissect the genetic basis for NOD mouse susceptibility to stress-induced diabetes, we generated a list of potential candidate genes meeting one or more of four criteria: (i) homology with human genes associated with diabetes in GWAS; (ii) significant mRNA expression differences between strains (Supplementary Data Set 1); (iii) >2-fold difference in protein expression between strains (Supplementary Data Set 3); and (iv) islet expression with nonsynonymous polymorphisms. This latter class was generated from RNA-seq data by filtering for allelic variants (Supplementary Data Set 4). Having generated a list of potential candidate genes, we cross-referenced the list with the genetic linkage data to identify 25 candidate genes (Supplementary Table 1) .
Of the candidate genes within the Tid1 and Tid2 loci, supporting evidence was found for Xrcc4. The Xrcc4 protein is a critical binding partner of DNA ligase IV (Lig4). Lig4 knockout mice develop spontaneous diabetes due to poor double-stranded DNA break (DSB) repair in beta cells, leading to senescence 21, 22 . We found two polymorphisms in the NOD Xrcc4 allele (Fig. 5a-c) . Molecular modeling of the Xrcc4-Lig4 complex predicted that the NOD polymorphisms reduce the stability of Xrcc4 by causing loss of the Asp125-Arg3 electrostatic interaction (Fig. 5d) , affecting the Xrcc4-Lig4 complex (Supplementary Fig. 10 ). Investigation of embryonic fibroblasts showed reduced Xrcc4 expression in NOD k -derived fibroblasts than in B10 k -derived fibroblasts (Fig. 5e,f) , accompanied by poorer DSB repair (Fig. 5g) . To formally test the role of the NOD polymorphisms, we expressed the B10 and NOD alleles of Xrcc4 in Xrcc4-deficient CHO cells, finding defective DSB repair in Xrcc4 NOD CHO cells as compared to Xrcc4 B10 CHO cells (Fig. 5h) . As these results suggested that NOD mice have suboptimal DSB repair, we investigated the in vivo context and found that insHEL drives accumulation of senescent beta cells with unrepaired damage on the NOD background (Fig. 5i,j) . As the NOD Xrcc4 allele is shared with the T2D-prone DBA/2 strain, we crossed B10 k .insHEL mice with DBA/2 mice and found that F 1 transgenics became diabetic (Fig. 5k) and also developed an accumulation of unrepaired DSBs (Fig. 5l,m) . Likewise, making B10 k .insHEL mice heterozygous for the Lig4 hypomorph allele encoding p.Tyr288Cys (ref. 23 ) resulted in spontaneous diabetes (Supplementary Fig. 11) . These results formally demonstrate that partial defects in the Lig4-Xrcc4 complex catalyze beta cell senescence and diabetes during stress. Further, they strongly implicate Xrcc4 polymorphism as the causative changes in Tid1 and Tid2.
Of the candidate genes within Tid3, Glis3 was validated as the lead candidate. Glis3, identified by GWAS association, showed reduced islet expression in NOD k mice (Fig. 6a) . As Glis3 knockdown in INS-1 cells increases susceptibility to apoptosis 24 , we challenged B10 k and NOD k islets in vitro with high glucose concentrations (Fig. 6b) and induction of chemical stress (Fig. 6c) , both of which caused significantly (P < 0.05) greater levels of apoptosis in NOD k islets. In vivo assessment demonstrated that the insHEL transgene increases the apoptosis rate only on the NOD k background (Fig. 6d,e) , resulting in reduced beta cell mass (Fig. 6f) . To formally test the ability of reduced Glis3 expression to drive diabetes in the insHEL model, we intercrossed Glis3 heterozygous mice with B10 k .Rag1 −/− .insHEL mice, with offspring showing glucose intolerance and increased levels of proinsulin secretion (Supplementary Fig. 12 ). Upon aging, Glis3 heterozygous mice (like NOD mice) developed diabetes (Fig. 6g) . As Manf is a critical antiapoptotic factor for beta cells 25 and is poorly upregulated in NOD k .Rag1 −/− .insHEL islets (Fig. 3f-h) , we sought to determine whether Manf upregulation was dependent on Glis3 expression. Glis3 heterozygous mice failed to adequately induce Manf after insHEL expression (Fig. 6h,i) 
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A r t i c l e s functional mechanism for the Tid3 linkage locus, whereby reduced Glis3 levels in NOD islets result in poor Manf induction during the UPR, allowing apoptosis of the stressed beta cells. Finally, as increased dietary fat has been demonstrated to reduce islet Glis3 expression 26 and induce senescence in beta cells 27 , we sought to determine whether a 10% fat diet could induce diabetes in diabetes-resistant B10 k .Rag1 −/− .insHEL mice. We confirmed that elevated fat levels reduced Glis3 expression (Fig. 7a) and found a corresponding decrease in Manf levels (Fig. 7b) . On the insHEL background, the diet with 10% fat eliminated the normal upregulation of Manf (Fig. 7c,d) , recapitulating the NOD phenotype. Within weeks of the diet change, without obesity, the B10 k .Rag1 −/− .insHEL mice on a 10% fat diet developed diabetes (Fig. 7e) . Together, these results demonstrate that a propensity to apoptosis and senescence, due to genetic background or diet, can convert subclinical cellular stress into insulin-dependent diabetes.
Parallel transcriptional regulation in human islets
To determine whether the findings observed in mice were applicable to humans, we investigated whether the pathway identified in NOD mice also demonstrated genetic linkage to diabetes or glucose regulation traits in humans. GLIS3 polymorphisms have previously been associated with altered glucose regulation; we additionally identified nominally significant associations for MANF, XRCC4 and LIG4 polymorphisms (Supplementary Table 2) . In an independent approach that takes into account environmental effects, we analyzed RNA-seq data from human pancreatic islets isolated from 119 donors, including 14 diagnosed with T2D 28 . To assess the validity of the Glis3-Manf relationship observed in mice, we investigated the relationship of these two genes in human islets. A trend toward reduced GLIS3 expression was observed in T2D islets, whereas MANF expression appeared unchanged (Supplementary Fig. 13 ). Critically, a significant positive relationship was observed between GLIS3 and MANF levels in human islets (Fig. 8a) . Next, we investigated whether patients with T2D might exhibit reduced XRCC4 expression, analogous to the NOD polymorphisms. We found no change in XRCC4 expression in T2D islets (Fig. 8b) ; however, the levels of the obligate binding partner encoded by LIG4 were significantly reduced (Fig. 8c) . In mice, Xrcc4 polymorphisms were associated with increased senescence; likewise, in patients with T2D, the levels of the senescence markers H2AFX (Fig. 8d) and CDKN1A (Fig. 8e) were increased. Finally, a direct relationship was observed between reduced LIG4 and increased H2AFX levels (Fig. 8f) . Although the cause of coregulation cannot be assessed in ex vivo human islets, the parallel with NOD mice strongly supports a conservation of diabetes susceptibility mechanisms across species. 
DISCUSSION
In this study, we have used the properties of the insHEL transgene as a sensitizer for beta cell failure. The association of insulin promoterdriven transgenes with diabetes induction has been observed before, such as with homozygosity of the insGFP allele 29 . It has typically been considered an epiphenomenon resulting from enhanced autoreactivity to a xenogenic peptide. However, we found here that the diabetes-inducing properties of one such transgene are not immunological in nature and rather result from unfolded protein stress, a physiologically relevant pathway. The usefulness of the insHEL transgene in this process lies in the subclinical nature of the stress it places upon the beta cell, which, being below the threshold for spontaneous failure, requires the addition of a second insult (genetic or environmental) for diabetes to develop. At a molecular level, our findings demonstrate that the NOD mouse strain harbors a remarkable susceptibility to primary beta cell failure. No major differences were observed in induction of the UPR, despite previous studies suggesting a defect in NOD islets 11 . The primary difference between the strains was instead preexisting and emerged with the addition of stress. Thus, most UPR response proteins were equally expressed 
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A r t i c l e s in both strains, including pro-apoptotic Chop 30 . Only a small subset of these proteins was expressed at higher levels in B10 islets; however, this subset included the antiapoptotic Manf protein 31 , the chaperone Hsp90b 32 , and Sel1 and Herp, rate-limiting components in unfolded protein degradation 33, 34 . Together, these results reflect a differential outcome to cellular stress, with B10 islets capable of stressed survival whereas NOD islets respond with apoptosis and senescence. At a genetic level, we identified two discrete Tid loci that are sufficient to account for the entire NOD susceptibility. It is notable that the Tid loci are distinct from the Idd regions mapped for autoimmune diabetes susceptibility; however, this result is expected as Idd mapping necessitated a backcross approach, which is unable to detect dominant Tid loci. Although we have focused on the beta cell-intrinsic aspects of NOD genetic susceptibility, in contrast to most previous studies, there are several reasons to expect that immunological and beta cell-intrinsic genetic factors synergize in the development of diabetes. First, the addition of autoimmune pressure in the form of Aire deficiency was enough to generate diabetes in a fraction of insHEL transgenic mice, even on a resistant background. Second, of the NOD.insHEL mice that develop diabetes, 42% produce antibodies against insulin (as compared to 0% of NOD k mice; data not shown), indicating that islet death spurs an autoimmune reaction. Third, in our previous studies using HEL-reactive T cells to drive autoimmunity in insHEL transgenic mice, NOD.insHEL mice developed diabetes at a higher rate than Aire −/− .insHEL mice, despite having a milder immunological phenotype 35, 36 . Together, these results point to a complex genetic origin of autoimmune diabetes in NOD mice, with interplay between defects in immunological tolerance and beta cell robustness. This interplay is reminiscent of investigations in Obese Strain (OS) chickens, which develop spontaneous autoimmune thyroiditis due to both excessive anti-thyroid immunity and susceptibility of the thyroid to apoptosis 37 .
Continued research into these phenomena may allow greater insight into the extent to which the target organ in human autoimmune disease is a passive victim or an active cause of autoimmune failure. In the case of T1D, environmental factors that produce beta cell-intrinsic effects may account for the growing T1D epidemic, in which T1D incidence is increasing at a rate of ~3% per year [38] [39] [40] . Although genetic factors influencing beta cell defects will remain constant, our results demonstrate the capacity of dietary fat to substitute for genetic defects in the precipitation of diabetes. Saturated fatty acids drive the apoptosis and senescence of beta cells 27, 41 , with increased oxidative stress 42 and endoplasmic reticulum stress 41 . As increased body mass index is associated with earlier onset of T1D 43 , it is possible that dietary fat is acting as a sensitizer similar to insHEL, in effect lowering the threshold for autoimmune stress to precipitate clinical diabetes.
The male-specific susceptibility to diabetes in this model is in sharp contrast to the strong female bias in NOD mice. T1D, with a small male bias 44 , is distinct from many other autoimmune diseases, which manifest a strong female bias 44 . It is therefore reasonable to postulate that females have both a strong autoimmune predisposition and strong metabolic resistance (such as the 'insulin advantage'; ref. 45) , which roughly negate each other in T1D. In this regard, it is interesting to note that male susceptibility in our model was dependent on sex hormones and in humans the sex divergence in T1D rates occurs after puberty 44 . The insHEL transgene model therefore may be a useful tool to study the hidden metabolic susceptibility of males to T1D.
This study identifies beta cell failure as a mechanistic commonality between T1D and T2D. Although the initial decline in beta cell mass in T1D can be clearly attributed to autoimmunity, the later decline in mass may result from the remaining beta cells being forced into compensatory insulin overproduction. Under this scenario, the same processes may be triggered as in insHEL mice. Likewise, many competing hypotheses have been proposed for the decline of beta cell mass in T2D, including direct glucotoxicity, inflammation-induced cytokines 46 , stress caused by compensatory insulin overproduction 12 , dietary saturated fats 41 , obesity 3 and autoimmunity 47 . The major difficulty in understanding this late-stage decline in beta cells lies in dissecting the primary cause. An advantage of the insHEL model is that beta cell death occurs in the absence of autoimmunity or insulin resistance. Effectively, the production of HEL mimics the compensatory upregulation of insulin, allowing the negative effects of to be studied in the absence of complicating factors. The molecular pathways to transgene-induced diabetes identified here were notably paralleled in human islets, making the insHEL mouse strain a promising model for the development of drugs to prevent decline in beta cell numbers. Radiation chimeras were constructed as described previously 49 . Mice were fed a standard chow diet, except in the 10% fat experiment, where mice were provided with a 10% high-fat diet (Sniff). Allocation to the treatment group was made randomly at weaning, at the cage level. All experiments were performed in accordance with the University of Leuven Animal Ethics Committee guidelines or the Australian National University Animal Ethics Committee. Sample sizes for mouse experiments were chosen in conjunction with the Animal Ethics Committee to allow for robust sensitivity without excessive use. Unless otherwise mentioned, male mice were exclusively used.
Diabetes incidence study. Mice were kept for 20-28 weeks and tested for diabetes monthly by blood glucose and weekly by urine assessment, with a positive indication being followed by twice-weekly blood testing. Mice were diagnosed as diabetic when the blood glucose concentration was over 260 mg/dl (14.4 mM) after 2-3 h of fasting for two sequential tests. Glucose and insulin tolerance tests were performed by injecting glucose (2 g/kg body weight) or insulin (1 U/kg body weight) intraperitoneally in mice fasted for 6-7 h. Tail vein blood was tested by a Contour glucometer. Assessments of plasma insulin, proinsulin and C-peptide levels were performed using commercial ELISA kits, according to the manufacturer's instructions (insulin, proinsulin and C-peptide mouse ELISA kits, R&D Systems Quantikine). Assays were performed with blinding, with mice coded by number until experimental end.
In vitro assessment of glucotoxicity. Islets were isolated from pancreata as previously described 58 . Pancreata were digested with 0.8 mg/ml collagenase NB 8 (Serva) at 37 °C, and islets were isolated through density-gradient centrifugation with Dextran T70 (Pharmacosmos) solution and handpicked under a dissection microscope. For the assessment of islet susceptibility to glucotoxicity, pancreatic islets of 10-to 12-week-old mice were incubated in 10% RPMI-1640 with 5 mM and 25 mM glucose using a previously described protocol 59 . 2.5 µM 17-DMAG was added to indicated cultures. The percentage of islet cell death was assessed after 3 d of culture. Islets were stained with propidium iodide (Life Technologies) and Hoechst 33342 (Life Technologies) and scored under a florescence microscope.
Imaging. Standard histology was performed using pancreata preserved in 4% formaldehyde. Hematoxylin and eosin staining was performed by Histology Consultation Services, and pathology reports were generated by BioGenetics (Greenbank). For immunofluorescence staining of islets, frozen pancreas sections were stained with goat antibody to insulin A (sc-7839, Santa Cruz Biotechnology), rabbit antibody to glucagon (sc-7780, Santa Cruz Biotechnology), rabbit antibody to MANF (SAB3500384, Sigma-Aldrich), donkey anti-goat Alexa Fluor 546 (A-11056, Life Technologies), donkey anti-rabbit Alexa Fluor 488 (A21206, Life Technologies) and DAPI (D1306, Life Technologies). Paraffin pancreas sections were stained with goat antibody to insulin A (sc-7839, Santa Cruz Biotechnology), antibody to phosphorylatedH2A.X (ab11174, Abcam) and DAPI (D1306, Life Technologies) using pH 9.0 Tris antigen retrieval. Images were acquired with an LSM 510 Meta confocal microscope (Zeiss). Quantification was performed using ImageJ v1.48 to measure integrated density.
For immunohistochemistry staining of islets, pancreata were preserved in 10% neutral phosphate-buffered formalin, and slides were heat treated for 20 min in CC1 buffer (Tris-borate-EDTA buffer, pH 8.0-8.5) before staining with rabbit antibody to activated caspase-3 (Abcam, ab13847) and guinea pig antibody to insulin (A0564, Dako). Signal was developed using the ultraUview Universal DAB detection kit and Universal Alkaline Phosphatase Red Detection kit, respectively. Slides were then counterstained with hematoxylin and eosin. Cells were scored as apoptotic if they demonstrated both blebbing of the nucleus and extensive cytoplasmic staining of activated caspase-3.
Transmission electron microscopy was performed on freshly isolated pancreatic islets from 10-to 12-week-old mice, which were Epon-embedded according to a standard protocol. Ultrathin sections (50 nm) were prepared, counterstained with uranyl acetate and lead acetate, and imaged with a JEOL JEM1400 electron microscope. Five cells from each of 2-3 islets per mouse were imaged, and insulin granules were quantified using ImageJ.
Flow cytometry. Flow cytometry of pancreatic islet cells was performed as previously described 60 . Islet cells were fixed and permeabilized with the Foxp3 staining kit (eBioscience) and then stained with APC-conjugated antibody to insulin (clone 182410, R&D Systems), Alexa Fluor 488-conjugated antibody to GFP (Invitrogen) and antibody to glucagon (clone 199017, R&D Systems; PerCP-Cy5.5 labeled using the Lightning-Link labeling kit from Innova Biosciences).
Functional assays. MEFs were generated from B10 k .Rag1 −/− and NOD k .Rag1 −/− mice and were treated with 5 µM etoposide (Sigma-Aldrich) for 1 h. MEFs were allowed to recover for 15 h before fixation and staining with Alexa Fluor 647-conjugated antibody to phosphorylated H2A.X (Ser139; clone 2F3, Biolegend) for flow cytometry.
CHO cells and Xrcc4 −/− CHO cells were a kind gift from P. Jeggo (University of Sussex). Xrcc4 expression vectors were constructed with the B10 or NOD allele of Xrcc4 (or GFP control), preceded by a chicken β-actin intron and followed by a sequence encoding GFP linked to the Xrcc4 C terminus via a T2A peptide, under the control of the chicken β-actin promoter and CMV enhancer. Xrcc4 −/− CHO cells were transfected using Lipofectamine 3000 (Invitrogen), followed by treatment with 5 µM etoposide (Sigma-Aldrich) for 1 h, and cells were allowed to recover for 15 h. Cell sorting was performed for GFP + CHO cells on a FACS Aria II (Becton Dickinson). GFP + cells were stained with the Zombie Aqua Fixable Viability kit (Biolegend) before fixation and staining with Alexa Fluor 647-conjugated antibody to phosphorylated H2A.X (Ser139; clone 2F3, Biolegend) and propidium iodide (eBioscience) for flow cytometry analysis.
RNA sequencing analysis. Total RNA was prepared from isolated islets by RNeasy Mini kit (Qiagen). An RNA library was prepared with TruSeq stranded mRNA library prep (Illumina), and RNA-seq was performed using the HiSeq 2000 300-Gb flow cell. Sequence reads were mapped to the mouse reference genome (assembly GRCm38.73) using TopHat v2.0.8b 61 . For assessment of insHEL expression, reads were aligned to a custom genome build combining the Ensembl build of chicken chromosome 1, containing LYZ (ENSGALG00000009963) with its corresponding transcript ENSGALT00000016916, with the mouse genome (Ensembl builds Galgal4. 75 and GRCm38.75, respectively) using TopHat v 2.0.11. npg SNP association. Human linkage between SNP variants and selected glycemic traits (T2D, HbA1C, fasting glucose, 2-h glucose, HOMA-B, fasting insulin, 2-h insulin, HOMA-IR, proinsulin levels) was reported from data hosted by the AMP T2D-GENES Program, Sigma (December 2015 data set).
Statistics. Statistics for transcriptomics, proteomics and genetic mapping are described in the relevant sections. Diabetes incidence curves were analyzed by log-rank test, with P < 0.05 used as the threshold for statistical significance. For other mouse experiments, statistical analysis was performed using Prism (GraphPad). A significance threshold of 5% in a Student's t test was maintained throughout the study, including hypothesis-based RNA-seq expression analysis. For human data set calculations, where data were not assumed to be normally distributed, analyses were performed using non-parametric MannWhitney U tests in R. No results were excluded from analysis.
